Abstract: Today, the district heating (DH) is often based on cogeneration power plants with steam turbines for combined heat and power production (CHP turbines and plants). As the heat is supplied as steam with the given parameters, so CHP steam turbines are realized with controlled steam extractions. In case of stage-wise heating of the district heating system water the entire heating is realized in a number of successively connected water heaters by steam extracted from the turbine. The aim of stage-wise heating is additional production of electricity, because the heating steam extracted for the first stage in the direction of system water flow has lower pressure than for the second stage. In this paper the results of determination of heat-supply operating regime with twostage heating of the system water for CHP turbine of 120 M W power (T-100-110/130-3) installed in Cogeneration Power Plants Zagreb (TE-TO Zagreb), obtained by means of original developed computer program, will be presented both in analytic form (by equations) and by means of diagrams.
Introduction
District heating is a system for distributing heat generated in a centralized location for residential, public and industrial heating requirements such as space heating and water heating in a large area. The heat is obtained from a cogeneration power plant burning fossil fuels (but now increasingly from renewable energy sources such as biomass, as well as nuclear power). District Heating (DH) based on c ogeneration power plants with simultaneous production of heat and electricity (also called Combined Heat and Power -CHP) provides high system efficiency, low emissions and higher degree of fuel flexibility than single-purpose energy systems (e.g. localized boilers).
The number of DH systems associated with CHP plants has been increasing in the last decade due to their energy savings (up to 30%), environmental improvements and reduction of life cycle costs [1] . New CHP plants have a power-to-heat ratio of about 1.0 compared with 0.4-0.5 for traditional condensing steam turbines. However, only 13% of electricity generated in EU today is based on CHP; however, it is regarded by the European Commission as a possible way to improve energy efficiency and reduce the environmental impact. DH plays a minor role in the overall European energy system today, but it is significant in Denmark, Finland and Sweden [2] . Therefore, this paper pays special attention to DH based on C HP turbines (plants). The advantages of stage-wise heating of the district heating system water over one-stage will be presented. With the aim of studying further the possibilities of energy efficiency increase, first of all, by improvement of an operating regime in specific conditions of simultaneous production of power and heat, an original computational program for determination of the operating regime diagrams for different types of CHP turbines has been developed [3] . The program is based on operating regime diagrams (i.e. of energy characteristics), manufacturers' data, results of normative measurements and data obtained during exploitation. The results of calculation by means of the developed program will be presented for CHP turbine of 120 MW power installed in the Cogeneration Plant Zagreb (TE-TO Zagreb) for the heat-supply regime with two-stage heating of district heating system water.
Characteristics of CHP turbines and CHP plants
CHP steam turbines are characterized by a diversity of probable operating regimes which can be divided into two groups depending on t he heating load: condensing regimes and heatsupply regimes. In a condensing regime, the steam flow rate to controlled extraction is equal to zero. This regime is identical to the operation of a condensing turbine. Heat-supply regimes are characterized by a certain heating load carried by the turbine. A heat-supply regime may be carried out by either heating or electric schedule depending on t he nature of the heating load. In operation by heating schedule, the electric power is determined by the heating load and cannot be changed without changing accordingly the heat consumption. Under such conditions, a certain (minimal) quantity of steam is however passed through the low-pressure part of the turbine in order to absorb the heat of friction of the rotating elements. In operation by an electric schedule it is typical that turbine carries a certain heating load which limits the possibility of reducing the electric power blow to a certain minimum, but it is possible to increase the electric power up to the maximum by passing more steam to the condenser. Thermodynamic characteristics, design, techno-economic indicators and other characteristics of CHP turbines and plants are described in more detail in [3] [4] [5] [6] [7] [8] [9] .
The heating load is characterized by significant changes during the year and its value changes depending on the temperature of the ambient air. The maximum output of heat is at the minimal calculation temperature of ambient air which is determined on the basis of climatic conditions. During the summer period there will be only the heating load for the heating of hot water, which accounts for on the average two thirds of the mean value in winter [3] [4] .
The heating load and parameters of the district heating system water are connected by the equation The change in the starting and returned temperature of the system water in dependence on the ambient air temperature is called a t emperature diagram. Fig. 1 shows the temperature diagram constructed for the climate conditions in the city of Zagreb [3] .
The steam of heat-supply turbine extractions is used for covering the heating load. Uniformity of load of turbine heat-supply extraction can be achieved if the extraction is used only for covering the base part of the diagram, and its peak is covered e.g. by peak hot-water boilers, Fig. 1 [3] .
Fig. 1. Temperature diagram of the district heating system: VK3, 4, 5, 6 -peak hot-water boilers; ---------using the heat of steam leaving the condenser [3]
The ratio of heat load of the turbine heat-supply extractions and the total heating load of the cogeneration plant at minimal calculation temperature of ambient air is called the coefficient
part of the heating load is covered for example, by peak hot-water boilers, and in a thermal power plant with cogeneration also separate production of heat appears.
The temperature diagram of the district heating system and accepted coefficient of heating determine the starting temperature of the system water after regenerative heaters w 2 ϑ which are fed with steam from the turbine heat-supply extractions. At the minimal temperature of the ambient air, the value is determined from the equation
For any given ambient air temperature is
For the heat-supply period, when the peak boiler is switched off and the entire heat load is covered by turbine heat-supply extraction pol w ϑ ϑ =
Stage-wise heating of district heating system water
In case of stage-wise heating of district heating system water (Fig. 2 ) the whole heating is realised in a n umber of successively connected water heaters by steam extracted from the turbine. The required pressure of the extracted steam is determined by the temperature of water at the exit from each heating stage. The steam, extracted for the first stage in the direction of the system water flow, has lower pressure than for the second stage, which ensures additional production of electricity in comparison with one-stage heating, when the whole steam is extracted at a pressure which is determined by the final heating temperature of the system water. Therefore, the aim of stage-wise heating is additional production of electricity by means of the heating steam [3] [4] .
Effectiveness of stage-wise heating of the system water is determined by a large number of factors, including the primary ones: the number of heating stages and the distribution of the heating load between stages; heating load values, flow rate and temperatures of system water and their change during the year; dimensions, design and temperature diagram of district heating system, climatic conditions and coefficient of heating, parameters of fresh steam, design of turbine and auxiliary plant, etc. [3] [4] [5] [6] . 
and the additional specific production of electricity 
At a two-stage heating of district heating system water by scheme shown in Fig. 2 the optimum increase of water enthalpy is equal in both stages of heating [3] [4] .
4.
Heat-supply operating regime of T-100-110/130-3 CHP turbine: two-stage heating of district heating system water For T-100-110/130-3 CHP turbine on t he basis of theoretical principles, the design data obtained from the manufacturer of the UTMZ-Russia turbine, the data of normative and remaining measurements performed in the Cogeneration Plant Zagreb and on the basis of data obtained during exploitation, the uniform operating regime diagram has been designed in the graphical form in which all turbine working regimes are presented [3] . After that, the obtained operating regime diagram in graphical form is completely translated into the analytic form, i.e. described by analytic dependences in the form of energy characteristics. The energy characteristics are built into the algorithm of original computer program, by means of which it is possible to calculate all the operating regimes of T-100-110/130-3 CHP turbine [3] . These are the condensing operating regime and the heat-supply regimes with one-stage, two-stage and three-stage heating of district heating system water.
As in this paper the object of investigation is stage-wise heating of district heating system water, only the results for the heat-supply operating regimes with two-stage heating will be presented: both in analytic form (by equations) and by means of diagrams [3] . The heatsupply regime with two-stage heating is used when the need for heat is minimally 120 MW, and when the daily temperature is below 5 0 C. The functional dependences are obtained on the basis of results from the region of CHP turbine heat-supply operating regimes with two-stage heating [3] . 
The dependence of electricity produced by heat-supply flow t e dvo P on the heat dvo to Q and on the pressure in the upper heating extraction at two-stage heating of the system water is presented in Fig. 4 , and can be described by the following equation 
The dependences of increasing parameters of the electricity produced by heat-supply flow rate 
The equations reliability
Equations given in the paper are checked by comparing the results of the calculation obtained by the program using the measured data obtained on t he actual turbine during operation for the same ambient air temperatures. The results of comparisons for the regime with two-stage heating of the returned system water are given in Table 1 . Since in case of heat-supply operation regime on the turbine it is not possible to measure only the electricity obtained on the basis of heat-supply steam extractions but rather the total electricity, in this case the electricity obtained on the basis of the total steam flow through a turbine is compared with total electricity that is given by the program. As can be seen from Table 1 , t he results obtained by using the program provide a good match with the measurement data obtained on the actual turbine: the deviation is in the range of +1.0% to +2.4%. It can also be seen that the sum of computed steam flow of heat extraction and computed steam flow to the condenser fully agree with the measured steam flow at the entry into the turbine. Therefore, it can be concluded that the results of the calculations provided by the program are reliable, including therefore also the equations based on these results.
Single equations are valid only for a specific turbine, but by taking into consideration single specific characteristics similar equations can be obtained for different CHP turbines.
Conclusion
The paper presents some results of the original computational program by means of which it is possible to calculate all the operating regimes of T-100-110/130-3 CHP turbine. The energy characteristics, which are obtained by translating the previously designed uniform operating regime diagram from graphical to analytic form, are built in the algorithm of the program. The computational program is successfully used in the Cogeneration Plant Zagreb (TE-TO Zagreb) for the prediction of the relevant parameters of single operating regimes with the aim of work optimization of the CHP turbine. Simultaneously it makes possible to investigate the different operating regimes with the aim of improving their economy (e.g. the introduction of stage-wise heating of system water of district heating). The algorithm is also applicable for other types of CHP turbines, and by taking into consideration single specific characteristics, a program for calculating the operating regimes of the concrete turbine is obtained (condensing turbines with one or two controlled steam extractions; turbines with back-pressure, including the turbines with back-pressure and controlled steam extraction). The comparison of the results of the calculations provided by the program with the measured data obtained on t he actual turbine during operation indicates that the equations presented in the paper are reliable, i.e. their accuracy is acceptable for the engineering application.
